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ABSTRACT
SKELETAL INDICATORS OF HYPERPRONATION IN AUSTRALOPITHECUS SEDIBA
AND EXTANT PRIMATES
Deanna Goldstein, M.A.
Department of Anthropology
Northern Illinois University, 2016
Daniel L. Gebo, Director
Habitual bipedal striding locomotion is a distinctive feature of hominins. The human
fossil record, however, shows diversity in lower limb anatomy suggesting functional-mechanical
differences in locomotion across these fossil taxa. Different forms of bipedality appear in the
skeleton of australopithecines such as Australopithecus africanus, Australopithecus afarensis,
and Australopithecus sediba. This study seeks to test the hypothesis that australopithecine lower
limbs exhibit a mechanically different form of bipedality relative to modern humans, a character
that is evident in lower limb flexibility; it is likely that leg flexibility allowed australopithecines
to climb trees as well as walk bipedally. In order to test this hypothesis, eight skeletal indicators
of lower limb flexibility were quantified in the following taxa: Australopithecus sediba,
Australopithecus afarensis, Australopithecus africanus, Australopithecus robustus, Homo
erectus, Homo habilis, Homo sapiens, Gorilla, Pan, Pongo, Hylobates, Ateles, and
Cercopithecus. Taxa were scored on a leg flexibility gradient, giving an estimate of the
arboreal/bipedal tendency of an individual. Each trait indicating lower limb flexibility
(arboreality) received a value of “1”; each trait indicating lower limb stiffness (bipedality)
received a value of “0”; and each trait that was neutral with regard to the two poles received
value “0.5.” Scores were added up and divided by the number of traits measured. The result,

multiplied by 100, provides a measure of the estimated lower limb flexibility/arboreal tendency,
as a percentage. Results indicate that A. sediba possessed greater lower limb flexibility and
utilized a mechanically different form of bipedalism compared to humans. The knee morphology
of A. sediba is particularly unique compared to both extant primates and other australopithecines,
and likely acted as a stabilizing mechanism during hyperpronation while walking bipedally.
Understanding whether australopithecines retained a significant amount of arboreal lower leg use
while practicing bipedality has implications for inferring the selective pressures involved in the
initial evolution of bipedality.
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CHAPTER 1
INTRODUCTION

Among living primates, habitual striding bipedal locomotion is unique to modern
humans, making it central to our understanding of modern human evolution (Darwin, 1871;
Hooton, 1925; Keith, 1949; Schultz, 1950; 1951; Dart, 1959). An adaptation to bipedalism is
thought to be the defining characteristic of the tribe Hominini. Although hominins, extinct and
extant, employed habitual striding bipedal locomotion, there have been several different forms of
bipedalism throughout the course of Plio-Pleistocene human evolution (Harcourt-Smith &
Aiello, 2004). Determining the different forms of early hominin bipedal locomotion allows us to
better understand the potential selective pressures involved in the development of bipedality. For
example, retained skeletal indicators for ape-like arboreality, when combined with newly derived
anatomical changes for bipedality, imply that the ability to climb trees was still advantageous for
the survival of early hominins.
My thesis project tests the idea that Australopithecus sediba retained a significant amount
of arboreal foot use while also practicing bipedality (DeSilva et al., 2013). I test this idea by
examining the lower limb bones of Australopithecus sediba relative to living primates and
humans. If A. sediba was partially arboreal, then 1) its lower limb bones should show evidence
for significant foot flexibility during bipedality, and 2) its leg anatomy may indicate a significant
amount of medial weight transfer while walking bipedally. Significant medial rotation of the
tarsals from a slightly supinated foot position would have allowed A. sediba both midfoot and
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ankle flexibility—an adaptation that is advantageous for efficient arboreality (DeSilva et al.,
2013).
Compared to modern humans, modern great apes are generally considered to be capable
arborealists. For example, even large bodied gorillas, which are generally terrestrial, have been
known to engage in suspensory, arboreal postures when feeding (Remis, 1995). This distinction
between living great apes and humans permits a morphological comparison of the lower limb
anatomy of modern taxa to that of A. sediba. These comparisons will allow a determination of
the degree to which A. sediba was an obligate biped. Additionally, A. sediba is compared to A.
africanus in order to gauge the degree of lower limb similarity between these two extinct
hominins.

CHAPTER 2
BACKGROUND

Overview of theories for the evolution of striding bipedal locomotion

Bipedalism appears to have been the first of several “human” characteristics (including
reduced canines, tool use, and enlarged brains) to evolve in early hominin ancestors (Freud,
1930; Schultz, 1951). It is widely agreed that as the Late Miocene forests of East Africa became
increasingly open, pre-hominins may have spent increasing amounts of time on the ground while
moving from one forest patch to another (Fleagle et al., 1981; Susman et al., 1984). The question
remains, however, of exactly how terrestrial bipedalism replaced arboreal locomotion as the
predominant locomotor behavior for early hominins in this changing environment.
The evolution of a major behavioral and morphological change in a population (such as
habitual striding bipedalism) would have occurred only if the change created a survival
advantage and greater reproductive fitness during and after the course of its development
(Jablonski & Chaplin, 1992). Many studies, however, indicate that the bipedalism of early
known fossil hominins (such as the australopithecines) was not as functionally and
physiologically efficient as that of modern humans (Rodman & McHenry, 1980; Stern &
Susman, 1983; McHenry, 1986; Jungers, 1988). Theories for the evolution of this early type of
terrestrial bipedalism must therefore account for the differential reproductive success in bipedal,
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pre-hominin populations (Lovejoy, 1981; Jablonski & Chaplin, 1992). In other words, the
evolutionary advantage of upright posture and bipedalism must outweigh the evolutionary cost of
such a change (Jablonski & Chaplin, 1992).
Darwin’s (1871) hunting hypothesis for the evolution of bipedalism states that bipedalism
evolved in order to free the hands for carrying weapons to hunt animals. Manufacture of these
tools and weapons required intelligence (large brains), and also rendered large canines useless
with regard to hunting and defense. Although Darwin’s theory was later refuted when bipedal
apes appeared in the fossil record before stone tools and enlarged brains (Dart, 1924), this theory
was nevertheless an important step toward understanding the evolution of modern human
bipedalism because it associated habitual striding bipedal locomotion with other modern human
behaviors.
Hewes (1961) proposed a hypothesis for the evolution of bipedalism that also centers on
the freeing of hands for the carrying of one specific object: food. Hewes (1961) notes that only
bipedal locomotion could allow hominins to carry food efficiently, and that bipedal locomotion
can even be elicited in nonhuman primates (such as macaques) by presenting a bulky food
burden and then threatening to take it away (Hewes, 1961). Further, Hewes (1961) postulates
that if manipulations of food objects with the hands are biologically advantageous, then all
primates that exhibit hyperactive hand behavior should have evolved into habitual bipeds. He
also notes that even in modern humans, the majority of tool use and food manipulation is
accomplished in seated, kneeling, or squatting positions, not standing upright (Hewes, 1955;
1957; 1961). Given this observation, the advantage appears to lie in the carrying of food objects
from one location to another.
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Eiseley (1953, p. 70) states that, “some factor coming at just the right time in man’s
anatomical evolution must have provided the impetus for a new adjustment…so that, with the
hands divorced from the job of locomotion, the new upright ancestral hominid could move things
from place to place.” Dart (1959, p. 223) also notes that methods for the transport of objects
differ between human children and chimpanzees of the same age—humans “carry, drag, or
manipulate objects” while upright, and chimpanzees prefer to carry objects in their mouth, or
drag the object behind them with one foot. The ability to quickly carry scavenged meat away
from a kill site (so as not at attract the attention of predators) may have been important to human
and australopithecine evolution (Bartholomew & Birdsell, 1953). Dart (1956; 1958) calls
attention to the osteodontokeratic collections of bones found in australopithecine rock shelters,
noting that early hominins may have returned to a home base with their scavenged food, where
tools in the form of bones from old meals would have been scattered about to aid in consumption
of the new meal. Although these collections of animals bones have since been attributed to
carnivores such as leopards and hyenas (Brain, 1970; 1981), changes in early hominin behavior
may have been fueled by (or at the very least occurred simultaneously with) changes of habitat.
Jolly (1970) suggests that an increasing trend toward seasonality throughout the Tertiary
period, especially in Africa (Moreau, 1951) may have led to a shift from the arboreal adaptations
of a fruit centered diet to terrestrial, small-object, seed eating adaptations. This diet would have
been attainable through individual or cooperative foraging, and would have been easily
processed by the posteriorly enlarged dentation of early hominids (Jolly, 1970). In this scenario,
even a slight ecological shift leading to the consumption of mammal meat is plausible for a
species already adapted to exploiting patches of seeding grasses, much like fruit-eating
chimpanzees exploit food sources (Reynolds, 1966; Jolly, 1970). This ecological shift may have
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been an environmental change that prompted the consumption of meat as an additional staple to
the diet, rather than an occasional treat.
Washburn & Howell (1960) note that the evolution of early hominins took place in
narrow forests that extended along rivers and were flanked by grasslands. Adapting to these less
forested habitats may have led to a more varied diet for the morphologically generalized apes
living along the edges of the forests that punctuated grassy plains (Gregory, 1951; Hill, 1954;
Howell, 1954; Clark, 1955; Teilhard de Chardin, 1956; Bartholomew & Birdsell, 1953; Eiseley,
1953; Oakley, 1957; Hewes, 1961). Rodman and McHenry’s (1980) patchy forest hypothesis
considers the advantages of bipedalism in this type of habitat. Rodman and McHenry (1980)
suggest that forest fragmentation caused by the cool, dry climate of the late Miocene period
rendered arboreal quadrupedalism less efficient than bipedalism. More specifically, bipedalism
allowed apes to forage for and carry food on the ground while continuing to utilize trees for food
and protection from predators (Rodman & McHenry, 1980). If this new environment allowed
early hominins to experiment with new foods (such as scavenged meat), then novel food-related
behaviors (such as bipedally carrying foods) are likely to have rapidly spread throughout social
groups (Mayr, 1960).
Lovejoy (1981) expands upon this foraging hypothesis in his provisioning hypothesis. He
theorizes that early hominins lived in monogamous pair bonds because a monogamous male
enhanced the survival of the female and their offspring by providing them with food (which he is
able to carry in his free hands) (Lovejoy, 1981). If a male provides mothers and their offspring
with food, then they will not have to travel to find their own resources, allowing the mother to
care for more than one infant at a time—reducing interbirth intervals and increasing reproductive
fitness. This theory considers the reproductive consequences of the shift to bipedality, many of
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which align with certain unique human features, such as the enlargement of female human
breasts (Etkin, 1954).
Important socio-physiological changes likely followed the shift to upright posture and
habitual striding bipedalism, and these changes appear to coincide with later changes in social
behaviors that are still present in modern humans today, such as the shift from dorsal to ventral
habits of copulation (Etkin, 1954). This theory, however, can be interpreted as based in the
assumption that sex differences are significant in early human evolution, and may therefore be
the product of the modern cultural pattern of opposing male and female characteristics in order to
emphasize gender differences rather than similarities (Fedigan, 1986). Although early human
societies could have arisen through a sexual division of labor, scholars must be careful to
examine both fossil evidence and modern primate behavioral data when considering the
plausibility of these sex-based theories for the evolution of bipedalism.
The hypotheses summarized above are only a few of the many theories for the evolution
of bipedality in modern humans. Others that were not reviewed include the aquatic ape theory,
which postulates that human ancestors spent a period of time adapting to a semi-aquatic
environment (Hardy, 1960; Morgan, 1972; Morgan, 1982), the thermoregulatory theory, which
hypothesizes that bipedalism evolved due to the advantages in thermoregulation allowed by
upright posture (Wheeler, 1984; 1988; 1991; 1993; 1994), and the endurance running theory,
which suggests that humans evolved bipedality in order to run long distances (Carrier, 1984;
Bramble & Lieberman, 2004).
Although bipedal posture and locomotion are now recognized as a hallmark character of
modern humans, early scientists tended to ignore bipedalism in favor of large brains and
technological innovation with regard to fundamental human characteristics. While Darwin
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(1871) suggested that a shift to bipedalism from quadrupedalism was a key event in human
evolution, his theory that human ancestors did so in order to free their hands for tool use remains
linked to large brains and use of technology. When early fossil hominins were first discovered
(such as the Taung child), they were often dismissed as human ancestors because of their small
braincases, despite many skeletal indictors of bipedalism (Keith, 1925). As fossil evidence
continued to accumulate, however, scientists recognized that bipedalism had been a hallmark
character of humans and their ancestors long before the development of large brains and tool use.

Overview of the skeletal changes necessary for striding bipedal locomotion

The shift from arboreality to energetically efficient bipedalism necessitates changes
throughout the entire skeletal structure, several of which will be briefly summarized below. One
of the most significant skeletal changes involves the position of the foramen magnum. For
efficient bipedalism to occur, the foramen magnum must shift anteriorly to the middle of the
skull base. This shift allows the head to balance on top of the upright body, and places the center
of gravity vertically over the points where the feet contact the ground. The vertebral column,
which travels through the foramen magnum, is also altered to accommodate the shift of center of
gravity caused by upright posture. The human vertebral column is set in a series of curves; the
cervical and lumbar spine bend backwards (lordosis) and the thoracic and sacral spines bend
forward (kyphosis). These curvatures allow the lumbar spine to balance on top of the sacrum, the
thoracic spine to balance on top of the lumbar spine, the cervical spine to balance on top of the
thoracic spine, and, finally, the head to balance on top of the cervical spine. Epaxial muscles in
the neck and lower back also help to hold the head and thorax upright.
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Although the spine of a bipedal human is quite different from that of a quadrupedal ape,
the human pelvis is even more distinct from that of quadrupeds. Where a quadrupedal pelvis is
tall and narrow, the human pelvis has become short, wide, and bowl-shaped in order to contain
the abdominal organs. Shortening the ilium also reduces the moment arm for body weight around
the hip joint, and leads to a shift in weight that necessitates skeletal adaptions for hip
stabilization (such as enlargement of the anterior inferior iliac spine) that are not present in other
apes (Le Gros Clark, 1954; 1967). The femur also contributes to balance in bipeds by slanting
medially in order to align the knees and feet directly underneath the upper body (Lovejoy, 1988;
2005).
The human knee also exhibits several skeletal adaptions that increase efficiency during
striding bipedal locomotion. Human femoral condyles are elliptical in shape, which allows the
collateral ligaments on either side of knee joint to act as stabilizers that quickly become taut
when the knee is extended into a close-packed position. Quadrupedal chimpanzees, by contrast,
have more circular femoral condyles that do not become taut at the end of knee extension
(Sonntag, 1924), meaning that there is no close-packed, weight-bearing position for the
chimpanzee knee as there is for the human knee (Lovejoy et al., 1999). When chimpanzees walk
bipedally, they tend to adopt a bent-knee, or compliant gait where the angle of knee flexion
continuously changes. Humans, on the other hand, are able to utilize a more efficient, stifflegged gait because of their skeletal adaptations for bipedalism.
The human foot, like the pelvis, is also particularly unique compared to that of other
primates (Elftman & Manter, 1935b). The bipedal human foot has transformed into a relatively
rigid, weight-bearing structure in contrast to the flexible grasping feet of other apes. Four
features of the foot are particularly important to the human gait: the longitudinal arch,
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enlargement and adduction of the big toe, enlargement and stabilization of the tarsals, and
reduction of the phalanges. The longitudinal arch is maintained by the plantar aponeurosis and
ligaments at the top of the arch (such as the plantar calcaneonavicular ligament). The arch allows
for the storing and recovery of energy during different phases of walking, and essentially acts as
a spring mechanism to make bipedal locomotion more efficient (Morton, 1924; Kayano, 1986;
Alexander et al., 1987).
The morphology of the big toe is also unique to humans among primates and mammals.
The first toe is larger and more robust than the other toes because it is the final propulsive
element at the end of the stance phase of walking. The hallux is adducted toward the rest of the
foot, bound at the adjacent metatarsal by a ligament, and possesses a flat articular surface with
the medial cuneiform in order to stabilize the toe. These changes make it impossible for bipedal
humans to oppose their big toe with the rest of their foot in a grasping motion.
The tarsals (particularly the calcaneus) are also enlarged in bipedal humans. During
bipedal walking, the calcaneus (the heel) is the first part of the foot to strike the ground, and has
been enlarged in order to bear increased foot strike loads (Morton, 1924; Elftman & Manter,
1935b; Latimer & Lovejoy, 1989). The rest of the tarsals have also been enlarged and stabilized
as they form the majority of the longitudinal arch of the foot. Primates with grasping feet are able
to bend this arch because they possess a mid-tarsal break (Elftman & Manter, 1935a; Meldrum &
Wunderlich, 1998). This mid-tarsal break facilitates the foot flexibility that is necessary for
efficient climbing in arboreal primates.
Finally, bipedal humans have reduced and straightened their phalanges because long,
curved phalanges are no longer needed to grasp arboreal substrates. Long and curved phalanges,
although necessary for arboreal locomotion, actually hinder the efficiency of striding bipedal

11
locomotion (Rolian et al., 2009). While most mammals have similar hands and feet with
similar functions in posture and locomotion (a trait that is controlled by regulatory genes)
(Shubin et al., 1997; Rolian et al., 2010; Rolian, 2014), the development of long foot phalanges
is not selected for in humans.

Overview of australopithecine fossils

Some of the earliest skeletal evidence for bipedalism is present in Ardipithecus, a taxon
that was first found at Aramis, an early Pliocene site in the Middle Awash region of Ethiopia,
dated to roughly 4.4 million years ago (White et al., 1994). Ardipithecus exhibits more primitive,
chimpanzee-like dental traits than australopithecines. Several of these dental traits include large,
projecting canines, small molars, and thin enamel (White et al., 1994). The skeletal fragments
attributed to Ardipithecus ramidus that have been described as showing signs of upright posture
include a skull base with an anteriorly placed foramen magnum (White et al., 1994), and a
proximal fourth foot phalanx (attributed to Ardipithecus kadabba) with a dorsally tilted joint
surface for the fourth metatarsal, a trait claimed to correlate with bipedalism (Latimer &
Lovejoy, 1990; Haile-Selassie, 2001). Other postcranial remains of Ardipithecus are badly
crushed, and their description remains controversial (White et al., 1995; 2009; Gibbons, 2002;
2004; Lovejoy et al., 2009).
Several of the oldest fossils of early australopithecines come from northern Kenya and
are attributed to the species Australopithecus anamensis (Patterson, 1966; Patterson & Howells,
1967). A. anamensis has been dated to the lower Pliocene (3.9 to 3.2 million years ago) (Leakey
et al., 1995; 1998; Ward et al., 1999; 2001; Wood & Richmond, 2000; White, 2002), and is more
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human-like in dental morphology than Ardipithecus (Beynon & Wood, 1986; Grine & Martin,
1988; Schwartz, 2000). Although postcranial remains attributed to A. anamensis show a mix of
ape-like and hominin features, this species was most likely bipedal, as it exhibits a tibiotalar
surface that lies at a right angle to the long axis of the tibial shaft—an indicator of a valgus knee.
Australopithecus afarensis, a species that is slightly younger than A. anamensis (dating
between 3.6 and 2.9 million years old), is one of the most well known species of
australopithecine and is considered to be bipedal (Kimbel, 1988; White, 2002; Lovejoy et al.,
2009). Found in the Eastern Rift Valley of Africa, A. afarensis exhibits limb proportions that are
intermediate between those of a chimpanzee and a modern human. The pelvis is broad, possesses
a short, wide ilium, a deep sciatic notch, and a prominent anterior inferior iliac spine (Stern &
Susman, 1983). The lower limb of A. afarensis also exhibits features generally associated with
upright bipedality, including relatively short toe phalanges, an adducted and enlarged first
metatarsal, an expanded heel process on the calcaneus, and a valgus knee (McHenry, 1994).
There is also direct evidence of a striding biped in East Africa at Laetoli, where volcanic ash
preserved the footprints of an upright biped 3.6 to 3.75 million years ago (Leakey & Hay, 1979;
Hay & Leakey, 1982). These footprints exhibit the same fully adducted hallux, longitudinal arch,
and short, straight toes that are characteristic of modern human bipeds (Day, 1985; Day &
Wickens, 1980; Tuttle, 1985; Tuttle et al., 1990; 1991).
Australopithecus africanus lived in South Africa and dates between 3.3 and 2.1 million
years ago. This species was discovered in 1924 by Raymond Dart, and exhibits a combination of
primitive ape-like features in the upper limb and a new suite of derived traits that indicate
bipedality in the lower limb (Dart, 1925; Cartmill & Smith, 2009). Upon uncovering Taung in
the early twentieth century, Raymond Dart hailed Australopithecus as “a creature well advanced
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beyond modern anthropoids in just those characters, facial and cerebral, which are to be
anticipated in an extinct link between man and his simian ancestor” (Dart, 1925, p. 198). Dart’s
theory, however, was initially rejected on the grounds that the Taung child was, “in size of
brain…not human but anthropoid” (Keith, 1925, p. 234). It was later recognized, however, that
Taung had a bigger brain than any animal of its size, and despite the fact that large brain size is
perhaps less important to a taxon’s hominin status that bipedalism, Australopithecus assumed its
rightful position in the tree of hominin evolution (Cartmill & Smith, 2009).

Overview of early Homo

The earliest hominin fossils to be assigned to a genus distinct from Australopithecus
belong to Homo habilis. H. habilis lived in Eastern and Southern Africa between 2.4 and 1.4
million years ago, and was assigned to the genus Homo based on differences from
Australopithecus in its skull, teeth, and postcrania (Leakey et al., 1964). Both the hand and foot
of H. habilis show human-like derived characters, such as a robust and fully opposable thumb,
and a strongly arched foot with an adducted hallux (Leakey et al., 1964; Lewis, 1981; Wood,
1992). H. habilis does, however, retain several primitive postcranial features (such as the shape
of the talus) that later species of Homo, such as Homo erectus, do not (Lewis, 1981; Wood,
1992).
Homo erectus is the first fossil hominin to exhibit modern human stature (Ruff & Walker,
1993), and although it retains several primitive postcranial features (such as relatively long
femoral necks and small vertebral bodies), it is more similar to modern humans than H. habilis
(Latimer & Ward, 1993; Pearson, 2000; Walker & Leakey, 1993). Despite the retention of some
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primitive skeletal features, early Homo clearly shifts away from an upper and lower limb
configuration that is morphologically intermediate between australopithecines and modern
humans. Early Homo morphology is less shaped by arboreality than australopithecine
morphology, and likely signals both a transition in locomotion as well as a more complete
commitment to the terrestrial environments (Lordkipanidze et al., 2007; Larson, 2007; Churchill
et al., 2013).
Overview of Australopithecus sediba. Today, a mosaic of species discovered across
Africa comprise the genus Australopithecus. Together they exhibit significant cranial and
postcranial skeletal variation, but all possess a combination of features that reflect both a
primitive arboreal and a derived bipedal adaptive ability (Berger et al., 2010). Australopithecus
sediba, discovered in 2009 in South Africa, presents a particularly interesting suite of
characteristics that indicate a unique type of bipedal locomotion (DeSilva et al., 2013). The two
partial skeletons found at Malapa (MH1 and MH2) are thought to be 1.98 million years old, and
they share a combination of primitive and derived skeletal characteristics that define the species
A. sediba (Berger et al., 2010).
Overview of Australopithecus sediba upper limb morphology. Although the lower limb
of A. sediba suggests habitual bipedalism, its upper limb suggests that it was still capable of
arboreal locomotion. The upper limb of A. sediba, excluding the hands and wrists, is
predominantly primitive and ape-like in overall morphology (Churchill et al., 2013). The
pectoral girdle broadly resembles that of other australopithecines, which is roughly intermediate
between chimpanzee and human morphology (Churchill et al., 2013). For example, the acromial
ends on the clavicles of both MH1 and MH2 inflect interomedially when held horizontally, a trait
indicating higher shoulder position than that of modern humans (Ohman, 1986). This trait is
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generally considered to be an adaptation for climbing and suspension in extant apes (Ohman,
1986). The deltoid tubercle of the clavicle, however, is located on the anterior surface of the
lateral curve, a human trait indicating a lack of the clavicular rotation ability which chimpanzees
exhibit (Ohman, 1986). Possession of this combination of traits indicates that A. sediba could
likely climb more efficiently than a modern human, but less efficiently than a chimpanzee.
The results of a recent multivariate analysis on the scapula of MH2 indicate that the
scapula of A. sediba is morphologically most similar to Pongo (Churchill et al., 2013).
Interestingly, orangutans are the only large-bodied ape to retain a predominantly arboreal
lifestyle, and they engage in the greatest amount of forelimb suspension of any of the great apes
(Thorpe & Crompton, 2006). Before assuming that this comparison indicates that A. sediba was
primarily arboreal like orangutans, however, one must consider that orangutans also display the
greatest amount of variability in locomotor and positional behavior of all the great apes (Thorpe
& Crompton, 2006).
While the MH2 scapula possesses adaptations that are well suited to the highly
suspensory and arboreal locomotion of orangutans, this similarity most likely reflects hominin
and great ape descent from a generalized arboreal ancestor (Ohman, 1986; Thorpe & Crompton,
2006; Melillo, 2011). This ancestor likely displayed a large amount of variation in its locomotor
behavior, much as the orangutan does today (Ohman, 1986; Thorpe & Crompton, 2006; Melillo,
2011).
The highly arboreal upper limb morphology of A. sediba reflects the retention of either
significant climbing and suspensory abilities, or functionally irrelevant primitive traits inherited
from an arboreal ancestor (Richmond, 2007; Drapeau, 2008; Churchill et al., 2013). Regardless
of functionality, several of the primitive traits present in the upper limb of A. sediba are
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developmentally plastic in extant apes (Richmond, 2007; Drapeau, 2008; Kivell et al., 2011;
Churchill et al., 2013). The presence of these traits despite their developmental plasticity
suggests the retention of some degree of arboreal behavior (Richmond, 2007; Drapeau, 2008;
Kivell et al., 2011; Churchill et al., 2013).
Despite its largely primitive upper limb morphology, A. sediba shares more derived
features with early Homo than any other australopithecine, such as reduced dental size and an
incipient nose (Berger, 2012; Carlson et al., 2011). Its age, cranial, and postcranial morphology
indicate that A. sediba is most likely descended from A. africanus, and although it is difficult to
speculate on the relationship of A. sediba to early Homo without additional fossil evidence, the
classification of A. sediba as an australopithecine certainly raises questions about whether past
fossil finds, such as Stw 53, A.L. 666, and U.R. 501, should be classified as Homo or as
Australopithecus, given their small size, level of fragmentation, and craniodental morphology
(Hughes & Tobias, 1977; Tobias, 1991; Grine et al., 1996; Curnoe & Tobias, 2006; Berger et al.,
2010; Irish et al., 2013).
Overview of Australopithecus sediba lower limb morphology. As indicated by the
morphology of its foot, spine, pelvis, and knee, A. sediba moved via habitual striding bipedal
locomotion (Berger et al., 2010; Kibii et al., 2011; Zipfel et al., 2011; DeSilva et al., 2013;
Williams et al., 2013). Certain skeletal features may provide more specific details as to the
particular type of obligate bipedalism that A. sediba employed.
Based on analysis of the lower limb, Zipfel et al. (2011) and DeSilva et al. (2013) suggest
that A. sediba may have hyperpronated, or engaged in a large amount of medial weight transfer
when walking (Zipfel et al., 2011; DeSilva et al., 2013). Hyperpronation during bipedal
locomotion consists of two distinct motions. First, the heel and lateral side of the foot make
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contact with the ground. Then, a large pronatory torque around the joints of the foot shifts
body weight medially in order to prepare for toe off (Holt & Hamil, 1995; Gross et al., 2007;
Zipfel et al., 2011; DeSilva et al., 2013). In modern humans, this type of locomotion places stress
on the body through excessive loading patterns in the foot, ankle, and lower leg, which are
reflected in resultant skeletal pathologies (Holt & Hamil, 1995; Vereecke et al., 2003; Michaud,
2005; Gross et al., 2007; Wong et al., 2008). Unlike modern humans, however, A. sediba
(represented by specimens MH1 and MH2) appears to exhibit certain skeletal adaptations to
facilitate hyperpronation during bipedal locomotion. Additional testing and skeletal material are
needed, however, to confirm this hypothesis for the entire species (Michaud, 2005; DeSilva et
al., 2013).
During normal human bipedal gait, the heel initially contacts the ground on the lateral
aspect of the calcaneus with the subtalar joint in a slightly supinated position. Next, during the
contact phase, the subtalar joint pronates. The foot comes into full contact with the ground
during midstance, and the subtalar joint begins to supinate, continuing this motion throughout the
midstance and propulsive phase (Beckett et al., 1992). The subtalar joint is viewed as a torque
converter, relating the medial and lateral rolling of the foot to the internal and external rotation of
the lower extremity (Root et al., 1977; Subotnick, 1977; Donatelli, 1985; Tiberio, 1987;
Vogelback & Combs, 1987). The motion of the foot during bipedal locomotion affects the
motion of the entire lower limb—as the knee flexes during contact phase, the tibia rotates
internally; as the knee extends during the midstance phase, the tibia rotates externally (Root, et
al., 1977; Tiberio, 1987).
During hyperpronation, pronation of the subtalar joint occurs beyond the contact phase.
The tibia remains internally rotated, which impedes subtalar joint supination and external tibial
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rotation during the midstance phase (Beckett et al., 1992). This excessive pronation of the
subtalar joint produces a chain of reactions through the entire lower limb, including medial knee
stresses, force vector changes of the quadriceps mechanism, and lateral tracking of the patella
(Tiberio, 1987).
The right knee joint of MH2 contains several unique features that indicate
hyperpronation. Its bicondylar angle is roughly nine degrees, which is within the range of
modern humans, but a low angle value for australopithecines (Tardieu et al., 2006; DeSilva et al.,
2013). There is also a high lateral patellar lip on the distal femur of MH1, a congenital trait that
might act as a bony mechanism for patellar retention during the torsion created by
hyperpronation (Clark, 1947; Wanner, 1977; DeSilva et al., 2013). MH2 has narrow tibial spines
that could have served to further enhance knee mobility during the torsion caused by
hyperpronation (Lovejoy et al., 2007; Tardieu, 2010; DeSilva et al., 2013). Narrow tibial spines,
however, could also be the result of this individual’s small size (Aiello & Dean, 1990).
Additionally, A. sediba has a slightly inverted calcaneus, a skeletal indicator of
hyperpronation in modern humans (Michaud, 2005). It should be noted, however, that there is no
evidence that an inverted calcaneus would necessarily produce the pronatory torques of
hyperpronation (Kirby, 2001). A. sediba also has a gracile calcaneal tuber, which may have
reduced the effectiveness of the heel pad (Bennett & Ker, 1990; Zipfel et al., 2011; Prang, 2015).
If so, this would have allowed A. sediba to dissipate stress during heel strike through
simultaneous ground contact of the heel and lateral foot (Bennett & Ker, 1990; Vereecke et al.,
2003; DeSilva et al., 2013).
A. sediba also shows evidence of significant midfoot flexibility (an adaption to facilitate
climbing and/or hyperpronation during bipedal locomotion) accompanied by a foot arch (a
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human trait that serves to stabilize the foot) (DeSilva, 2010; Ward et al., 2011). The
simultaneous presence of these two contradicting features could indicate that A. sediba had
skeletal adaptations for habitual bipedalism while also maintaining the foot flexibility necessary
for climbing (DeSilva et al., 2013). The result of these contradicting features was likely
hyperpronation during bipedal locomotion (DeSilva et al., 2013).
Foot morphology and locomotion of extant primates. The evolution of the heel-strike
plantigrade foot position present in hominids and African apes required several bone and joint
modifications as it evolved from the more primitive heel-elevated foot position of all other
primates (Gebo, 1992). Because many of these modifications are present in both African apes
and modern humans, the plantigrade foot and subsequent foot structure most likely evolved as an
arboreal hominid ancestor began to exploit its increasingly terrestrial environment (Gebo, 1992).
Regardless of whether the presence of a brachiating ancestor (Gregory, 1916; Keith, 1923;
Morton, 1924; Washburn, 1963; Gebo, 1996) or a vertically climbing ancestor (Stern, 1971;
1976; Cartmill & Milton, 1977; Prost, 1980; Stern & Susman, 1981; Fleagle et al., 1981) in the
human and great ape lineage explains our shared plantigrade foot features, these features
obviously represent a system of foot function that has evolved through several different phases,
culminating in the bipedal locomotion of modern humans. The locomotor system of A. sediba, as
well as all other australopithecines, represents a modification on the heel strike plantigrady that
hominins share with extant apes.
Homo sapiens, the only extant hominin, moves via habitual striding bipedal locomotion.
For the purpose of this study, walking will be the only gait considered for modern humans, and it
can be modeled as an inverted pendulum (Cavagna et al., 1963; Carrier et al., 1984; Bramble &
Lieberman, 2004). Gravitational potential energy is stored as the center of mass rolls in an arc
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over the support foot, and the potential energy gained during this rise is roughly equal to the
kinetic energy lost during the descent (Alexander, 1980; Carrier et al., 1984). As a result, the
human foot has shifted from a grasping organ to a weight-bearing platform (Weidenreich, 1921;
Morton, 1922; Keith, 1923; 1929; Straus, 1930; Raven, 1936; 1950; Tuttle, 1970; 1972a; Lewis,
1980a; 1980b; 1980c; Gomberg, 1981; 1985; Lamy, 1983; 1986; Susman, 1983; Latimer et al.,
1987). The human foot therefore exhibits greatly reduced flexibility relative to extant apes.
Gorillas (Gorilla), like humans, exhibit decreased foot mobility relative to other apes
(Gebo, 1992). Gorillas display functional modifications that are indicative of their largely
terrestrial locomotor habits, such as decreased foot mobility, shortened digits, and lessened
hallux mobility (Gebo, 1992). Even while knuckle walking on terrestrial substrates, however,
gorillas exhibit the same heel-strike plantigrady as humans. Gorilla is the largest hominoid in
this study, and primarily moves via terrestrial quadrupedal knucklewalking, and rarely by
prolonged suspensory behavior (Remis, 1995). According to a study by Remis (1995), females
(compared to males) tend to engage in increased suspensory postures and bipedal behaviors,
especially when feeding (58% of the time, as compared to 51% for males) (Remis, 1995). Sitting
and squatting are the most common postural behaviors (Remus, 1995).
Chimpanzees and bonobos (Pan) exhibit a much more mobile foot than gorillas and
humans. Chimpanzees invert their feet when walking on terrestrial or broad arboreal substrates,
placing the lateral edge of the foot onto the ground (Elftman & Manter, 1935a; Tuttle, 1970;
Susman & Brian, 1988; Gebo, 1992). This foot flexibility allows chimps to entirely invert their
foot in most arboreal settings, providing them with the grasping ability necessary for arboreal
locomotion (Gebo, 1992). Chimpanzees and bonobos are largely quadrupedal, traveling 86% of
the time via knuckle-walking quadrupedalism, 11% of the time via quadrumanous climbing and
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scrambling, and 1% of the time via arm swinging and bipedalism (Doran, 1993). Although
males tend to use less quadrupedalism and more climbing than females, there are no significant
differences in frequency of overall locomotor activity due to sex (Doran, 1993).
The foot morphologies of Homo, Gorilla, and Pan, reflect the decreased foot mobility
that accompanies increased terrestriality and decreased arboreality. Pongo, Hylobates, and two
highly arboreal genera of monkeys (Cercopithecus and Ateles) will be used in this study to
contrast largely terrestrial foot morphology of these apes with primarily arboreal foot
morphology.
Orangutans (Pongo) do not follow the same plantigrade foot pattern as African apes and
humans, but instead use a foot position similar to that of more primitive, heel elevated primates,
and their feet differ from other apes in both positional use and functional capabilities (Morton
1924a; Tuttle, 1970; Langdon, 1984; Rose, 1988; Gebo, 1992). Orangutans often use their feet to
suspend from horizontal supports, and tend to place the entire lateral side of their foot on the
ground during stance phase when moving terrestrially (Morton, 1924; Tuttle, 1970; 1972b; Can,
1987; Rose, 1988; Gebo, 1992). Thorpe and Crompton (2006) found that Pongo travels 35% of
the time via torso orthograde suspensory behavior, 25% of the time via vertical climbing and
descending, and 5% of the time via bipedal walking. It is the presence of orthograde
quadrumanous suspension, forelimb/hindlimb suspension, and pronograde suspension that
posturally distinguishes orangutans from other great apes (Thorpe & Crompton, 2006).
Like orangutans, gibbons (Hylobates) also use a heel-elevated foot position. Gibbons,
however, are highly specialized brachiators, and tend to utilize a more primitive heel-elevated
foot position during both climbing and terrestrial bipedalism (Gebo, 1992). The skeletal features
of their lower limb and foot reflect the highly mobile foot of all primates that use a heel-elevated
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foot position. Hunt (1990) finds that Hylobates lar (a species included in this study)
locomotes 51.2% of the time via brachiation, and also climbs (34.1%) and leap/hops (9.5%). The
remaining percentages of locomotor behavior consist of quadrupedal and bipedal walking (Hunt,
1990).
Cercopithecus (guenons) are a genus of Old World monkey whose small size (2.4 kg to
4.2 kg) allows them to move via quadrupedal locomotion on arboreal substrates (Oates, 1985).
Guenons maintain a foot position during locomotion in which the heel is elevated and the entire
foot is inverted in order to grasp arboreal substrates (Weidenreich, 1921; Jouffroy, 1975; Gebo,
1987; 1992; Meldrum, 1990). Gebo (1995) finds that Cercopithecus mitis (one of the species
included in this study) locomotes via arboreal quadrupedalism 51% of the time while traveling
and 55% of the time while feeding. This species also climbs 29% of the time while traveling, and
38% of the time while feeding (Gebo, 1995). Cercopithecus will represent an arboreal
quadrupedal outgroup in this study.
Ateles (spider monkeys) is a genus of New World monkey that utilizes several different
types of arboreal locomotion, such as brachiation (van Roosmalen & Klein, 1988), quadrupedal
walking on horizontal substrates (Oates, 1985), vertical climbing (van Roosmalen & Klein,
1988), and suspension (van Roosmalen & Klein, 1988). Ateles is a highly arboreal primate, with
suspensory postures such as brachiation and vertical climbing accounting for more than half of
feeding positional behaviors in a study by Youlatos (2002). Youlatos (2002) finds that Ateles
travels 34.2% of the time using tail-arm brachiation and 28.1% of the time clambering, which is
defined as: “quadrupedal body displacement in various directions on and across multiple,
diversely oriented supports with no particular gait, maintaining the body either pronograde or
orthograde” (Youlatos, 2002 p. 1074). The remaining percentage of locomotor behavior consists
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of quadrupedal walking, vertical climbing, or bipedal walking (Youlatos 2002). Spider
monkeys are larger than guenons (between 9 kg and 13 kg), and this genus will represent a more
positionally generalized arboreal outgroup (Mittermeier & Fleagle, 1976; Di Fiore & Campbell,
2007).

CHAPTER 3
METHODOLOGY

I measured eight skeletal indicators of hyperpronation and flexibility in the lower limb
bones of the following taxa: Australopithecus sediba, A. afarensis, A. africanus, A. robustus,
Homo habilis, H. erectus, H. sapiens, Gorilla gorilla, Pan troglodytes, Pongo pygmaeus,
Hylobates (lar, concolor, syndactylus, muelleri), Ateles (azurerensis, belzebuth, fusciceps,
geoffroyi, paniscus), and Cercopithecus (mona, rufoviridis, aethiops, mitis, nicitans, petaurista,
pongonias, preussi, neglectus, diana) (see Table 1). I photographed the calcaneus, tibia, femur,
talus, and last lumbar vertebrae of each specimen using the protocol set forth in Báez-Molgado et
al. (2013). Images were measured using Image J (NIH).
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Table 1
Summary of skeletal features measured and corresponding biomechanical implications
Skeletal Feature
Degree of calcaneal inversion

Hyperpronation Biomechanics
Measurement
Places the foot in an inverted Inferior angle of the posterior
position (a risk factor for talar facets relative to the most
hyperpronation in modern
lateral edge of the calcaneus.
humans) (DeSilva et al., 2013)

Talar head enlargement

Increases mobility at the
subtalar joint to allow
excessive pronation (DeSilva
et al., 2013)

Tibial medial malleolus
enlargement

Allows for increased
flexibility and excessive
loading of the talonavicular
joint and inverted foot
(DeSilva et al., 2013)

Lateral patellar lip height

Angle of femoral trochlear
groove
Popliteal groove size

Narrowness of tibial spines

Allows for patellar retention
despite the medial torsion of
the lower limb that occurs
during hyperpronation
(DeSilva et al., 2013)
A more acute angle reflects a
higher patellar rim and
increases stability of the
patella during hyperpronation
An enlarged popliteal groove
on the distal femur allows for
increased knee stabilization by
the popliteus muscle (DeSilva
et al., 2013)
Tibial spines that are close
together allow for increased
knee rotation and flexibility
(DeSilva et al., 2013)
(continued on following page)

Distance between the anterior
edge of talar body and the
anterior most edge of talar
head:distance between the
posterior talar border to
anterior edge of talar head
(ratio).
Distance between the medial
edge of tibial talar facet and
medial most edge of medial
malleolus:distance between
the lateral edge of distal tibia
and medial edge of distal tibia
(ratio).
Distance between the inferior
most point on the patellar
surface and the superior most
point of patellar lip (from a
distal view of the femur).
Angle between the superior
most points of the trochlear
groove (from a distal view of
the femur).
Surface area of popliteal
groove:surface area of lateral
femoral epicondyle (ratio).
Distance between tibial
spines:distance between
medial most and lateral most
points on the proximal tibial
surface (ratio).
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Table 1 (continued)
Skeletal Feature
Degree of posterior wedging
in last lumbar vertebra

Hyperpronation
Biomechanics
Increases lumbar lordosis and
overall flexibility of the
lumbar spine (DeSilva et al.,
2013)

Measurement
Angle between superior and
inferior surfaces of the
vertebral body when viewed
from the side.

Data were analyzed using the statistical packages Excel and R. Descriptive statistics
(including mean, median, mode, and standard deviation) of all measurements were calculated on
select features after testing for the significance of variables such as sex. In order to “size adjust”
the data to enable comparison of representative data among genera, each measurement of interest
was standardized by the geometric mean of all measurements for each individual, excluding the
measurement of interest (Jungers et al., 1995). Tukey’s range test was used to ascertain whether
any of the differences measured in skeletal features between fossil and extant taxa were
statistically significant using a 0.05 alpha level (p<0.05). Differences between extant taxa were
not analyzed.
Next, the mean measurements for respective skeletal indicators within each taxon were
scored on a leg flexibility gradient (based on measurements for living species with known
flexibility/stiffness levels), giving an estimate of the arboreal/bipedal tendency of an individual.
Each trait indicating lower limb flexibility (arboreality) received a value of “1” while each trait
indicating lower limb stiffness (bipedality) received a value of “0.” Traits with values in
between the two poles received a value of “0.5.” Scores were added up and divided by the
number of traits measured. The composite result, multiplied by 100, gives a measure of lower
limb flexibility/arboreal tendency, as a percentage.
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These measurements and subsequent analyses allowed me to test the following
hypothesis: if A. sediba possesses skeletal features that allow for hyperpronation as a
compromise between obligate bipedalism and arboreal locomotion, these skeletal features should
rank at an intermediate position between those present in arboreal extant primates and habitually
bipedal modern humans.

CHAPTER 4
RESULTS

The sample sizes of taxa measured for respective skeletal indicators are summarized in
Tables 2 and 3. Mean measurements for all eight skeletal indicators in each taxon are
summarized in Tables 4 and 5.

Table 2. Number of individuals measured for degree of calcaneal inversion, talar head
enlargement, tibial medial malleolus enlargement, and lateral patellar lip height

Ateles
Cercopithecus
Hylobates
Pongo
Pan
Gorilla
H. sapiens
A. robustus
A. africanus
A. afarensis
A. sediba
H. erectus
H. habilis

Calcaneal inversion
20
25
25
17
28
27
31
0
0
0
1
0
0

Talar Head
22
27
25
19
28
30
30
1
1
1
1
0
1

Tibial Medial Malleolus Lateral Patellar Lip
22
21
26
26
16
22
19
18
28
28
29
29
31
31
0
0
0
2
1
1
1
1
0
0
0
0
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Table 3. Number of individuals measured for femoral trochlear groove angle, popliteal
groove size, tibial spine narrowness, and degree of last lumbar wedging in each taxon

Ateles
Cercopithecus
Hylobates
Pongo
Pan
Gorilla
H. sapiens
A. robustus
A. africanus
A. afarensis
A. sediba
H. erectus
H. habilis

Femoral Trochlear Groove Popliteal Groove Tibial Spines Lumbar Wedging
20
20
19
22
26
26
26
26
22
25
16
23
19
17
19
17
28
27
28
28
29
28
30
28
31
30
31
31
0
0
0
0
2
2
0
2
1
1
1
1
1
1
1
1
0
0
0
2
0
0
0
0
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Table 4. Mean measurements of morphological traits related to arboreality and
terrestrial bipedalism for Ateles, Cercopithecus, Hylobates, Pongo, Pan, and Gorilla

Ateles
Degree Calcaneal
Inversion
Talar Head
Enlargement
Medial Malleolus
Enlargement
Tibial Spine
Narrowness
Patellar Lip Height
(mm)
Trochlear Groove
Angle (degree)
Popliteal Groove
Surface Area (mm2)
Degree of Lumbar
Wedging
Final Flexibility Score

Cercopithecus

Hylobates

Pongo

Pan

Gorilla

26.77

28.74

26.40

31.72

26.72

28.74

0.39

0.49

0.42

0.41

0.41

0.49

0.34

0.33

0.38

0.34

0.38

0.33

0.17

0.18

0.18

0.17

0.16

0.20

1.22

0.78

0.63

1.05

1.75

1.41

161.29

161.21

175.20

173.44

173.74

174.61

0.17

0.17

0.14

0.17

0.15

0.18

0.68

3.20

0.74

0.76

3.02

6.13

0.75

0.88

0.88

0.64

0.69

0.69
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Table 5. Mean measurements of morphological traits related to arboreality and
terrestrial bipedalism for H. sapiens and fossil taxa

Degree Calcaneal
Inversion
Talar Head
Enlargement
Medial Malleolus
Enlargement
Tibial Spine
Narrowness
Patellar Lip Height
(mm)
Trochlear Groove
Angle
Popliteal Groove
Surface Area (mm2)
Degree of Lumbar
Wedging
Final Flexibility
Score

H.
sapiens

A.
robustus

A.
africanus

A.
afarensis

A.
sediba

H.
erectus

H.
habilis

41.60

N/A

N/A

N/A

47.49

N/A

N/A

0.37

0.49

0.35

0.44

0.37

N/A

0.37

0.30

N/A

N/A

0.26

0.33

N/A

N/A

0.18

N/A

N/A

N/A

0.16

N/A

0.18

5.57

N/A

4.22

N/A

7.63

N/A

N/A

151.01

N/A

145.59

N/A

130.02

N/A

N/A

0.13

N/A

0.18

N/A

0.27

N/A

N/A

15.61

N/A

9.43

N/A

12.00

13.00

N/A

0.06

N/A

0.30

N/A

0.31

N/A

N/A

Degree of calcaneal inversion

A. sediba exhibited an angle of 47.5 degrees between the inferior angle of the posterior
talar facets and the most lateral edge of the calcaneus (see Figure 1). This angle value is most
similar to H. sapiens, with an angle of 41.6 degrees. Arboreal taxa in this group (Ateles,
Cercopithecus, and Hylobates) were the most dissimilar to A. sediba, and exhibited average
angles of 26.8 degrees, 28.7 degrees, and 26.4 degrees, respectively (see Figure 2). Although the
mean degree of calcaneal inversion within this sample differed between each taxon, none of
these differences were statistically significant (p<0.05).
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60

Degree of Calcaneal Inversion

*
40

20

Pongo

Pan

Hylobates

Homo sapiens

Gorilla

Cercopithecus

Au. sediba

Ateles

0

Taxa

Figure 1: Degree of calcaneal inversion for each taxon (any points outside of the range represent
outliers more or less than 2/3 of the upper or lower quartile, respectively).
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Ateles geoffroyi
FMNH 60660

Homo sapiens
HTH 0612

Cercopithecus preussi
FMNH 44842

Hylobates syndactylus
FMNH 60555

Australopithecus sediba
NIU MH2

Figure 2. Comparison of calcanei of A. sediba, H. sapiens, and arboreal taxa (A. sediba image
has been reversed).
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Talar head length enlargement

The talar head of A. sediba made up 37.0% of talar length and was most similar to Homo
sapiens (37.2%) and A. afarensis (37.4%), respectively (see Figures 3 & 4). Cercopithecus and
Hylobates were most dissimilar to A. sediba, and exhibited talar head lengths of 49.5% and
41.6% of the talar body, respectively (see Figure 4). Although talar head enlargement differed
between each taxon, none of the differences between fossil and extant taxa were statistically
significant (p<0.05). This trait exhibited a particularly small range in means between all taxa
(from 0.35 in A. africanus to 0.49 in Cercopithecus, Gorilla, and A. robustus).
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Figure 3: Ratio of talar head length to length of entire talus (any points outside of the range
represent outliers more or less than 2/3 of the upper or lower quartile, respectively).

36

Cercopithecus neglectus
FMNH 53921

Hylobates concolor
CMNH HTB 0161

Australopithecus sediba
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Homo sapiens
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Australopithecus afarensis
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Figure 4. Comparison of talar head enlargement ratio of A. sediba, H. sapiens, A. afarensis,
Cercopithecus, and Hylobates (A. sediba and A. afarensis images have been reversed).
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Tibial medial malleolus enlargement

The medial malleolus of A. sediba made up 33.4% of the distal tibial medio-lateral width,
being most similar to Pongo (34.0%) (see Figure 5). A. sediba was most dissimilar to Gorilla,
which exhibited a medial malleolus that was 39.7% of the distal tibial medio-lateral width.
Although tibial medial malleolus enlargement differed between each taxon, none of these
differences were statistically significant (p<0.05).
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Figure 5: Ratio of tibial medial malleolus length to distal tibia length (any points outside of the
range represent outliers more or less than 2/3 of the upper or lower quartile, respectively).
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Lateral patellar lip height

A. sediba exhibited a lateral patellar lip height of 7.6 mm and was most similar in height
to Homo sapiens, which exhibited a height of 5.6 mm (see Figures 6 & 7). A. sediba was unlike
more arboreal taxa such as Cercopithecus and Hylobates, which exhibited average lateral patellar
lip heights of 0.8 mm and 0.6 mm, respectively (see Figure 7). Differences in lateral patellar lip
height were statistically significant (p<0.05) in the following fossil and extant taxa: A. sediba
and Hylobates, and A. sediba and Pongo. Differences in lateral patellar lip height were slightly
statistically significant in the following fossil and extant taxa: A. sediba and A. africanus
(p=0.06), Cercopithecus and A. sediba (p=0.06), Gorilla and A. sediba (p=0.06).
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Figure 6: Lateral patellar lip height for each taxon (any points outside of the range represent
outliers more or less than 2/3 of the upper or lower quartile, respectively).
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Cercopithecus mona
CMNH HTB 0147

Hylobates lar
CMNH HTB 3892

Australopithecus sediba
NIU MH2

Homo sapiens
CMNH HTH 0442

Pongo pygmaeus
FMNH 33536

Figure 7. Comparison of lateral patellar lip heights of A. sediba, H. sapiens, Pongo, Hylobates,
and Cercopithecus (A. sediba image has been reversed).
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Angle of femoral trochlear groove. A. sediba exhibited a femoral trochlear groove
angle of 130.0 degrees and was most similar to A. africanus (145.6 degrees) (see Figure 8).
These two fossil taxa were in turn similar to Homo sapiens (151.0 degrees). Differences in
femoral trochlear groove angle were statistically significant (p<0.05) between the following
fossil and extant taxa: A. sediba and Hylobates, and A. sediba and Gorilla. Differences in
femoral trochlear groove angle were slightly statistically significant in the following fossil and
extant taxa: A. sediba and Pan (p=0.06), and A. sediba and Pongo (p=0.06).

43

Femoral Trochlear Groove Angle

180

160

140

*
Pongo

Pan

Hylobates

Homo sapiens

Gorilla

Cercopithecus

Au. sediba

Au. africanus

Au. afarensis

Ateles

120

Taxa

Figure 8: Angle of femoral trochlear groove for each taxon (any points outside of the range
represent outliers more or less than 2/3 of the upper or lower quartile, respectively).
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Popliteal groove size. A. sediba exhibited a popliteal groove surface area that made up
26.6% of the lateral femoral epicondyle (see Figure 9). This value is most similar to Gorilla and
Pongo, which exhibited average popliteal groove surface areas of 18.2% and 17.5%,
respectively. A. sediba is most dissimilar to A. africanus (12.6%) and to Homo sapiens (12.9%).
Although popliteal groove size differed between each taxon, none of these differences were
statistically significant (p<0.05). Differences in popliteal groove surface area were slightly
statistically significant in the following fossil and extant taxa: H. sapiens and A. sediba (p=0.08),
Hylobates and A. sediba (p=0.09), Pan and A. sediba (p=0.08).
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Figure 9: Ratio of popliteal groove surface area to lateral femoral epicondyle surface area for
each taxon (any points outside of the range represent outliers more or less than 2/3 of the upper
or lower quartile, respectively).
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Narrowness of the tibial spines. A. sediba exhibited a width between the tibial spines
that was 16.1% of the width of the entire tibial plateau (see Figure 10). This value is most similar
to Pan and Pongo, which exhibited tibial spine widths of 16.1% and 17%, respectively. A. sediba
was most dissimilar to the genera Gorilla, Cercopithecus, and H. sapiens, which exhibited tibial
spine widths that were 20.0%, 18.3%, and 17.6% of the width of the tibial plateau, respectively.
Although tibial spine widths differed between each taxon, none of these differences were
statistically significant (p<0.05).
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Figure 10: Ratio of tibial spine width to width of tibial plateau for each taxon (any points outside
of the range represent outliers more or less than 2/3 of the upper or lower quartile, respectively).
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Degree of posterior wedging in the last lumbar vertebra. A. sediba exhibited 12
degrees of posterior wedging in the last number vertebra, being most similar to H. erectus, (13
degrees) (see Figure 11). A. sediba is most dissimilar to Ateles, with an average value 0.68
degrees. The difference in degrees of lumbar wedging was statistically significant (p<0.05) in the
following fossil and extant taxa: A. sediba and Ateles, A. africanus and Cercopithecus, A.
africanus and Gorilla, A. africanus and Homo sapiens, A. africanus and Hylobates, A. africanus
and Pan, and A. africanus and Pongo. The difference in degrees of lumbar wedging was slightly
statistically significant between the following fossil and extant taxa: H. sapiens and A. afarensis
(p=0.08) and Pongo and A. afarensis (p=0.08).
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Figure 11: Degree of wedging in body of last lumbar vertebra for each taxon.
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Leg flexibility gradient score. Lower limb flexibility was scored on a gradient for the
following taxa: Ateles, Cercopithecus, Hylobates, Pongo, Pan, Gorilla, Homo sapiens, A.
africanus, and A. sediba (Figure 12). Any taxon with less than two of the skeletal indicators for
lower limb flexibility that were included in this study were not scored on the final gradient, as
the lack of measurement scores could artificially displace the final composite gradient score. A.
sediba exhibited a lower limb flexibility score of 0.28, or 28.0%, a score most similar to A.
africanus, (15.0%) (See Figure 12). A. sediba is most dissimilar to Homo sapiens and to
Cercopithecus, with lower limb flexibility scores of 0.063 (6.3%) and 0.91 (91.0%) respectively.
Overall, A. sediba and A. africanus each appear to possess a lower limb flexibility between that
of modern humans and other extant primates (particularly the African apes).
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1

CHAPTER 5
DISCUSSION

Differing lower limb morphologies and their corresponding flexibility/stiffness within the
studied array of fossil hominins (A. sediba, A. africanus, A. afarensis) relative to extant primates
(Pan, Gorilla, Pongo, Hylobates, Ateles, and Cercopithecus) and to modern humans (Homo
sapiens), is summarized below in the context of the locomotor abilities of each taxon. The
hypothesis that Australopithecus sediba retained a significant amount of arboreal lower limb use
while also practicing bipedality (manifested in hyperpronation during bipedal locomotion
according to DeSilva et al., 2013), is evaluated as well. Results suggest that although A. sediba is
morphologically distinct from the fossil and extant taxa included in this study, these differences
may not be as functionally and statistically significant as initially predicted. While many of the
differences between traits fail to reach the standard level of statistical significance, however, one
must keep in mind that increased sample sizes (particularly with regard to fossil taxa) would
likely decrease p-value results and increase statistical significance (See Tables 6 & 7).

52
Table 6. Statistical significance of differences between A. sediba and Ateles, Cercopithecus,
Hylobates, Pongo, Pan, and Gorilla. NS = non-significant; p<0.05 = significant.
Ateles
Degree Calcaneal
Inversion
Talar Head
Enlargement
Medial Malleolus
Enlargement
Tibial Spine
Narrowness
Patellar Lip Height
(mm)
Trochlear Groove
Angle (degree)
Popliteal Groove
Surface Area (mm2)
Degree of Lumbar
Wedging

Cercopithecus

Hylobates

Pongo

Pan

Gorilla

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

p=0.06

p<0.05

p<0.05

NS

p=0.06

NS

NS

p<0.05

p=0.06

p=0.06

p<0.05

NS

NS

p=0.09

NS

p=0.08

NS

p<0.05

NS

NS

NS

NS

NS

Table 7. Statistical significance of differences between A. sediba, H. sapiens and fossil
taxa. NS = non-significant; p<0.05 = significant.
H.
sapiens
Degree Calcaneal
Inversion
Talar Head Enlargement
Medial Malleolus
Enlargement
Tibial Spine Narrowness
Patellar Lip Height
(mm)
Trochlear Groove Angle
Popliteal Groove
Surface Area (mm2)
Degree of Lumbar
Wedging

A.
robustus

A.
africanus

A.
afarensis

H.
erectus

H.
habilis

NS

N/A

N/A

N/A

N/A

N/A

NS

NS

NS

NS

N/A

NS

NS

N/A

N/A

NS

N/A

N/A

NS

N/A

N/A

N/A

N/A

NS

NS

N/A

p=0.06

N/A

N/A

N/A

NS

N/A

NS

N/A

N/A

N/A

p=0.08

N/A

NS

N/A

N/A

N/A

NS

N/A

NS

N/A

NS

N/A
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A. sediba compared to Ateles, Cercopithecus, Hylobates, Pan, Pongo, and Gorilla

As predicted at the beginning of this study, Australopithecus sediba is morphologically
distinct from arboreal monkeys and lesser apes Hylobates, Cercopithecus, and Ateles. Several of
the most obvious differences occur in bones that directly reflect bipedal locomotion (e.g. in the
calcaneus, in lateral patellar lip height, and popliteal groove surface area; see Figures 2, 7, & 9).
These skeletal differences are likely caused by the loading patterns of the lower limb during
upright bipedal locomotion for A. sediba, in contrast to the arboreal movements related to
brachiation or arboreal quadrupedalism.
A. sediba is somewhat similar to Hylobates, Cercopithecus, and Ateles in medial
malleolus enlargement and in tibial spine narrowness. These similarities may be due to a certain
level of knee and foot flexibility that are necessary to facilitate the medial torsion that occurs
during arboreal locomotion (for example inverting the foot in order to grasp substrates) as well
as for hyperpronation during striding bipedalism. Of the three arboreal outgroups, A. sediba
converges most closely with Ateles (in talar head enlargement, medial malleolus enlargement,
tibial spine narrowness, and final lower limb flexibility score). All of these features reflect foot
and knee flexibility and not bipedal loading patterns.
Tuttle (1969) expands upon potential convergence in the evolution of hominid bipedalism
and prehensile arboreal capabilities. Tuttle (1969; 1974; 1975) notes that while hylobatids
vertically climb on tree trunks, they often walk and stand bipedally while foraging on horizontal
tree branches, and exhibit short bursts of bipedal running during intraspecific displays. While
hylobatids possess long, extensible hindlimbs that are powered by well-developed gluteal and
anterior thigh muscles, they do not possess the same pelvic tilt mechanism that bipedal humans
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do (Tuttle, 1981). This lack of pelvic tilt while walking likely accounts for the tendency of the
hylobatid pelvis to tilt downward on the unsupported side during bipedal walking, which could
be countered by a rotation and lateral flexion of the spine toward the opposite, supported side
(Tuttle, 1981). Although australopithecines tend to represent a mosaic of human and non-human
features (such as a short and broad pelvis in A.L. 288, combined with a greater lateral iliac flare
than is seen in modern humans), they were most certainly bipedal (Tuttle, 1981; Stern & Susman
1983; Aiello & Dean, 1990; Ward, 2002). Perhaps this combination of features indicates that
these early hominins were recently derived from an arboreal-bipedal ancestor who engaged in
tree climbing (for reasons such as sleeping at night), and whose ancestors utilized a similar
locomotor repertoire to that of hylobatids (Tuttle, 1981).
Although A. sediba shares more morphological similarities with Pan, Gorilla, and Pongo
than it does with Hylobates, Cercopithecus, and Ateles, it remains, as predicted, morphologically
divergent. Shared similarities are likely due to the fact that A. sediba is more closely related to
the great apes than to other anthropoids, and can therefore be expected to share more
morphological traits. Many of the major differences in morphology, on the other hand, appear to
be related to the loading patterns associated with striding bipedal locomotion. A. sediba appears
to be most like Pan and Pongo in traits that reflect lower limb flexibility (e.g. talar head
enlargement, tibial spine narrowness, and degree of lumbar wedging) (See Figure 4). The
similarity in traits between Pan and A. sediba can also be attributed to the fact that A. sediba (and
hominins in general) share a relatively recent common ancestor with chimpanzees, and likely
retain similar skeletal indicators of this ancestor’s locomotor pattern. The shared level of lower
limb flexibility between A. sediba and Pongo might reflect a similar level of locomotor
flexibility in the two taxa. Orangutans are known for a high level of variability in their locomotor
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behavior, and it has been hypothesized that early bipedal human ancestors may have
possessed a similar form of generalized arboreal locomotion (Stern & Susman, 1981; Ohman,
1986; Thorpe & Crompton, 2006; Melillo, 2011).

A. sediba compared to H. sapiens, A. africanus, and A. afarensis

Of all the taxa included in this study, A. sediba is most similar morphologically to other
habitual striding bipeds (i.e., Homo sapiens, A. africanus, and A. afarensis). A. sediba is
particularly similar to Homo sapiens and A. africanus with regard to several interesting skeletal
features (see Table 5). A. sediba closely aligns with Homo sapiens in four features: degree of
calcaneal inversion, talar head enlargement, medial malleolus enlargement, and tibial spine
narrowness (see Figures 2 & 4). These four traits reflect shared loading patterns that occur during
bipedal locomotion. When the other traits differ, analysis of A. sediba appears to indicate a
slightly more flexible foot than Homo sapiens (in degree of calcaneal inversion and medial
malleolus enlargement). A. sediba diverges from Homo sapiens in an unusually high lateral
patellar lip height, trochlear groove angle, and popliteal groove surface area. These traits indicate
that despite what appear to be minimal differences in ankle flexibility, A. sediba possessed
greater knee flexibility than Homo sapiens, as does A. africanus. Interestingly, A. africanus
appears to occupy an intermediate flexibility position between Homo sapiens and A. sediba with
regard to trochlear groove angle, popliteal groove surface area, and degree of lumbar wedging.
A. sediba appears to possess the most flexible lower limb of the striding bipedal taxa
included in this study, although it is quite similar to A. africanus. Although A. sediba is more
similar to Homo sapiens than to Pan or Ateles, it does generally fall into a morphologically
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intermediate position between the arboreal and the bipedal taxa. A. sediba, however, exhibits
skeletal lower limb flexibility in a different manner than the flexible-limb arboreal taxa.
Regardless of whether or not A. sediba retained any degree of arboreal locomotor behavior, its
lower limb mechanics were likely distinct from both living primates and humans.
A. sediba also differs from the other australopithecines in its dietary ecology, a difference
that supports the hypothesis of australopithecine locomotor diversity in the Plio-Pleistocene
(Harcourt-Smith, 2002; Harcourt-Smith and Aiello, 2004; Lovejoy et al., 2009; Zipfel et al.,
2011; Haile-Selassie et al., 2012; DeSilva et al., 2013). Carbon isotope analyses show that
australopithecines such as A. africanus and A. afarensis varied their consumption of C3/C4
foods, while A. sediba almost exclusively consumed C3 foods (van der Merwe et al., 2003;
Henry et al., 2012; Sponheimer et al., 2013)—a diet that is most similar to more arboreal living
taxa such as savannah chimpanzees (Henry et al., 2012). Although it has been suggested that A.
sediba (Zipfel et al., 2011; DeSilva et al., 2013), and A. africanus were more arboreal than A.
afarensis (McHenry, 1992; McHenry & Berger, 1998; Berger, 2002; Haeusler & McHenry,
2004; 2007; Green et al., 2007), the presence of primitive, arboreal skeletal features in certain
species does not necessarily indicate a difference in behavior from taxa that possess the derived
condition for such features. These features could, for example, be retained from an arboreal
ancestor and offer no functional advantage. A. afarensis, however, certainly exhibits features that
would have given it a terrestrial advantage over A. sediba, such as a more rigid subtalar joint
(Latimer & Lovejoy, 1989; Zipfel et al., 2011; Prang, 2014).
One must therefore consider whether the pattern of primitive and derived features found in
A. sediba are the result of homoplasy in hominin locomotor evolution (Zipfel et al., 2011), and
whether or not this type of convergence occurred in the evolution of terrestrial features shared by
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species such as A. afarensis and modern humans (McHenry & Berger, 1998; Berger, 2002).
As fossil hominin evidence continues to be discovered, a picture has begun to emerge of fossil
taxa that are not only mosaic in their skeletal adaptations, but are also mosaic in different ways to
one another (Harcourt-Smith & Aiello, 2004). This evidence suggests that there is locomotor
diversity present in the fossil record, and that perhaps there were multiple evolutionary pathways
for responding to the selective pressures and behavioral advantages involved in the evolution of
bipedalism.
When we consider the evidence for diversity in australopithecine locomotor patterns
(Harcourt-Smith & Aiello, 2004), as well as diversity in dietary ecology (van der Merwe et al.,
2003; Henry et al., 2012; Sponheimer et al., 2013), the results presented here show that A. sediba
(like other australopithecines) possessed an intermediate level of lower limb flexibility between
that of bipedal modern humans and extant apes. This observation lends support to the hypothesis
that early bipedal hominins exhibited at least three varieties of bipedal locomotor patterns during
the Plio-Pleistocene (illustrated in the morphology of A. afarensis, A. africanus, and A. sediba).
If the features indicating lower limb flexibility in A. sediba are not primitive synapomorphies
and are functionally significant, then A. sediba may have possessed slightly greater tree-climbing
ability than other australopithecines. Lower limb flexibility does make striding bipedal
locomotion less efficient (DeSilva et al., 2013), and while its extensively bipedal morphology
may have prevented it from spending the majority of its time in the trees, it may have climbed
more frequently than other australopithecines. Whether this tree climbing ability was retained as
a primitive ancestral trait or was a derived compromise to compensate for a flexible knee and
foot has yet to be determined. Regardless, Harcourt-Smith and Aiello (2004) feel that mosaic
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skeletal morphologies such as that of A. sediba and A. africanus indicate that the evolution of
bipedalism may be more complex than has previously been suggested.
Another possible interpretation considers that the level of flexibility in the lower limb
morphology of A. sediba (according to data in the present study), appears to be quite similar to
that of A. africanus. Whether or not these slight morphological differences are significant enough
to warrant several different “modes” of bipedalism in hominin history (Harcourt-Smith & Aiello,
2004, p. 413) requires further study, but it is useful to keep in mind that australopithecines (and
particularly younger species such as A. sediba and A. africanus) had already evolved the most
radical morphological changes necessary for bipedality. The presence of these “modes” of
bipedality may make more evolutionary sense during the evolution of the early hominins that
were just beginning to evolve the morphological features necessary for terrestrial bipedality.
Habitual striding bipedal locomotion had been evolving for millions of years before the birth of
A. sediba, and the morphological differences between australopithecines of this time are
miniscule compared to the changes in skeletal morphology necessary for the initial shift from
arboreal quadrupedalism to terrestrial bipedality. Perhaps, then, the differences in
australopithecine lower limb morphology and their resultant modes of bipedality are less
complex than previously imagined, and more akin to the variations in striding bipedal
locomotion that modern humans exhibit today.

CHAPTER 6
CONCLUSION

Understanding whether australopithecines retained a significant amount of lower limb
flexibility for arboreality while also practicing bipedality has implications for inferring the
selective pressures involved in the initial evolution of bipedality. If Australopithecus sediba
walked bipedally as well as climbed trees in a manner distinct to other striding bipedal
australopithecines, then one can infer how the selective pressures involved in the evolution of A.
sediba stride affected the evolution of other types of habitual striding bipedality (exhibited by
other fossil hominins and modern humans).
One major selective pressure that played a role in the evolution of A. sediba’s locomotor
behavior is the environment. Environmental reconstructions based on faunal evidence of
Pliocene/Pleistocene Africa suggest the presence of varied and open habitats between 2.9 and 2.4
million years ago (deMenochal, 2004). A more flexible locomotor pattern was likely
advantageous in these changing environments, and may have allowed early hominins such as A.
sediba to exploit food sources on the ground as well as in the trees as their forested habitat
became increasingly patchy, with forests clustered along rivers, interspersed with open
grasslands (Washburn & Howell, 1960).
Another major selective pressure that likely affected australopithecine locomotion is
predation. Damage to the remains of the Taung child skull (Australopithecus africanus), for
example, is similar to damage seen on the crania of monkeys that were preyed upon by hawk
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eagles (McGraw et al., 2006; Berger, 2006). Brain (1969) also notes the probable role of
leopards as predators of South African australopithecines (such as A. africanus and A. sediba). In
the case of A. sediba, evolving a particularly flexible knee while retaining a relatively stiff foot
may have allowed them to avoid attracting the attention of predators by climbing trees, and also
retaining the foot morphology to allow for relatively efficient bipedalism while carrying
scavenged food away from kill sites (Hewes, 1961; Rodman & McHenry, 1980; Lovejoy, 1981).
Although their manner of bipedal locomotion differed from modern humans (and was
likely less efficient than ours), A. sediba does possess certain skeletal adaptations, such as an
unusually high lateral patellar lip, which may have combatted the loading stresses caused by
striding bipeds using relatively flexible lower limbs. This gait pattern may have been
biomechanically similar to hyperpronation exhibited by modern humans (DeSilva et al., 2013).
Modern humans are relatively efficient bipeds (especially when running long distances), and A.
sediba may have compromised for their lack of efficiency, caused by excessive medial torsion of
the lower limb, by retaining a level of knee flexibility that allowed them to rely on more than one
locomotor pattern (arboreal climbing and terrestrial bipedality). It follows that the primarily
bipedal A. sediba may have a more flexible knee than foot, because a solid, weight-bearing foot
is the only structure that directly contacts the ground, and is therefore under a stronger selective
pressure to deal with balance and propulsion than knee morphology (Harcourt-Smith & Aiello,
2004). Indeed, modern humans retain the ability to climb trees (albeit less efficiently than extant
apes and likely australopithecines) despite their comparatively inflexible lower limb and
adducted hallux.
Although future studies would greatly benefit from the discovery of further fossil
evidence, in the mean time we must consider the ways in which our analyses of the limited
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fossils that we have affect our phylogenetic conclusions regarding hominin ancestry. While it
can be revealing to consider the impact of individual skeletal traits on the locomotor behaviors of
extinct hominins, it is also important for comparative morphologists to consider the fossils in
anatomical position, within the matrix of the entire body. In this way, analysis of the locomotor
behavior and morphological variation within extant apes will give us a more clear representation
of the role that morphological variation played for hominin locomotion, and also within hominin
phylogeny.
Understanding the evolution of habitual striding bipedal locomotion in modern humans
and our ancestors is essential to understanding the particular uniqueness of the human species.
Furthermore, identifying the selective pressures that played a role in the evolution of our
locomotor behavior, which drastically altered the entire human skeleton, is also vital to
understanding the ways that humans may evolve in the future. Just as the changing
Pliocene/Pleistocene environment affected our ancestors, the rapidly evolving state of the earth
will likely affect both present day humans and future generations. Possessing knowledge of the
way that the bodies of our ancestors responded to their habitat may aid in predictions for how
future generations will respond as we adapt to our changing Earth, and as we explore new
worlds.
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